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Abstract
Spar platforms with cylindrical shape and constant cross-section area may experience resonant heave motions in
sea states with long peak periods, which are probably excessive for riser integrity due to its low damping and
relatively low natural heave period. Changes to hull shape and cross-section that produce more benign heave
behaviour were discussed by some researchers in the past. In this study, the viscous damping of spar structures is
explicitly calculated, and incorporated to the potential solution. It is concluded that the heave resonant response
can be considerably reduced by alternative hull shapes via increased damping mechanism and the natural heave
period being kept outside the range of the wave energy.
INTRODUCTION
The motion response of the spar structure, due to its deep draft, should be adequately low to permit installation
of rigid risers with dry well-heads. Hence the motion response, heave in particular, must be examined to ensure
that it is minimised. The concept behind deep draft floaters is their ability to reduce first-order heave excitation
significantly so that the second-order difference frequency excitation becomes the dominant contributor to the
total heave response. However the classic spar platforms possess low damping and low natural periods. These
two characteristics, together with long-period swell, produce a linearly excited heave resonant motion of the spar.
Hence the first-order wave frequency effects become more dominant than the second-order difference frequency
effects.
Spar platforms with cylindrical shape and constant cross section area may experience resonant heave motions,
which are probably excessive for riser integrity, in sea states with long peak periods due to its low damping and
relatively low natural heave period. Haslum and Faltinsen [3] proposed that the wave frequency heave response
might be reduced by three ways: 1) increasing the damping of the system; 2) increasing the natural heave period
out of the range of the wave energy; and 3) further reducing the linear heave excitation forces. To increase the
∗Address all correspondence to this author. Email: L.Tao@mailbox.gu.edu.au
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damping, the length of the helical strakes may be extended. The purpose of helical strakes is to inhibit vortex-
induced vibration that can cause fatigue in risers. However, this will result in the mooring system absorbing
a greater amount of the environmental forces present. Tao et al. [6] revealed that appendages such as a disk
could be added to the keel of a vertical cylinder to effectively increase the damping, and this would also limit the
viscous excitation from waves due to the exponential decay with depth. Based on the investigation of the time
domain calculation in which the nonlinear drag forces were included without modification, Haslum and Faltinsen
[3] stated that the wave frequency heave response is still critical after including more physical damping, e.g.
viscous damping forces on the strakes and in the moonpool. The natural heave period of spar on the other hand
could be effectively increased by increasing the draft, mass and the added mass of the structure or decreasing the
water plane area. However, increasing the draft and a consequent increase in system mass is normally subject
to many other considerations in the design. Therefore it would not be a viable economical solution to increase
the natural heave period by increasing the draft of a spar. However the added mass could be increased by a
non-uniform hull cross section or by applying a pontoon or disk at the keel.
Conventional offshore hydrodynamic analysis considers a structure in waves, and evaluates the linear and
nonlinear loads using potential theory. Viscous damping, which is expected to play a crucial role in the resonant
response, is an empirical input to the analysis, and is not explicitly calculated. However, a number of recent de-
velopments regarding the viscous damping characteristics of offshore structures have been reported. The primary
purpose of this research is to take a step towards filling this void. Tao et al. [7] demonstrated that for a verti-
cal cylinder in resonant heave the viscous damping forces exhibit different characteristics in different parameter
regimes, i.e. the damping force appears to be independent of the amplitude at very small amplitude of oscillation
and is evidently dependent on the motion responses as the amplitude of oscillation increases. Therefore the linear
damping assumption in the frequency domain analysis is not a good approximation when the large resonant heave
motions occur. Viscous effects tend to dominate the hydrodynamic damping mechanism in the heave resonance
and the damping model could be improved by introducing a linearization technique.
In this paper, the wave forces, added mass and radiation damping are calculated from the well-known hydro-
dynamic software package called SESAM (marketed by Det Norske Veritas) based on potential theory. Non-linear
viscous heave damping forces are calculated by directly solving Navier-Stokes equation based on the finite differ-
ence method. These two are then combined via an iterative procedure. The present study also emphasises the
influence of the spar geometry on the heave response. Several alternative hull shapes proposed by Haslum and
Faltinsen [3] in Figure 1 along with a cylindrical spar, which have counteracting effects in the heave excitation
force, as illustrated by the arrows are investigated. The hull shape parameters are shown in Table 1. With viscous
heave damping being calculated, the suppression of the resonant heave motions by viscous effects is also examined.
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Table 1: The geometrical parameters of the alternative spar hull shapes.
Hull Diameter Diameter Draft Height Heave Natural Displaced Displaced
shape at WL at keel of step natural period mass mass
period ratio ratio
D Dkeel Td T1
T1
Td
T ∗n
Tn(HS)
Tn(spar)
M M(HS)
M(spar)
(m) (m) (m) (m) (sec) (kg)
Spar 37.5 37.5 202.5 0 0 29.4 1 2.29E8 1
HS1 37.5 75.0 202.5 50.625 0.25 44.5 0.25 4.01E8 1.51
HS2 37.5 75.0 202.5 101.25 0.50 51.2 0.50 5.73E8 1.74
HS3 37.5 75.0 202.5 151.875 0.75 57.1 0.75 7.45E8 1.94
HS4 37.5 75.0 202.5 101.25 0.50 43.0 0.50 3.82E8 1.41
∗ Based on the geometry below waterline.
THEORETICAL CONSIDERATIONS
SESAM is a numerical software developed by DNV including the hydrodynamic analysis of the wave body inter-
action problem described above. The following section provides a theoretical background to the hydrodynamic
analysis module WADAM resident within the software SESAM.
Boundary - value Problem: Potential Theory
The first step is to evaluate the linear and nonlinear wave loads using potential theory. Figure 2 illustrates a
three-dimensional body interacting with plane progressive waves in water of finite water depth.
Linear Wave Frequency Response
The aim of assuming the flow to be potential is to define the flow velocity as the gradient of the velocity potential
Φ, which satisfies the Laplace equation
▽2Φ = 0 (1)
in the fluid domain [1]. The complex velocity potential φ can be defined based on the harmonic time dependence
incident wave assumption
Φ = ℜ(φeiωt), (2)
where ℜ denotes the real part, ω is the frequency of the incident wave and t is time. Based on the linearised free
surface boundary condition and a number of additional assumptions, linear wave theory can be derived and is
the simplest wave theory to solve the boundary-value problem of wave body interaction. The linearization of the
problem permits the decomposition of the velocity potential φ into the radiation and diffraction components
φ = φR + φD, (3)
φR = iω
6∑
j=1
ξjφj , (4)
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φD = φ0 + φ7, (5)
where φ, φR and φD denote the total, radiation and diffraction velocity potential in complex form due to the
harmonic time dependence assumption of the wave. The constants ξj denote the complex amplitudes of the body
oscillatory motion in its six rigid-body degrees of freedom, and φj the corresponding unit-amplitude radiation
potentials. The velocity potentials φ0 and φ7 represent the incident wave and the scattered disturbance of the
incident wave by the body fixed at its undisturbed position respectively.
The boundary value problems defined by Equations (1) - (5) can be solved by using Green’s theorem to derive
integral equations for the radiation and diffraction velocity potentials on the body boundary.
Panel method - SESAM
In SESAM (WADAM) the body wetted surface is discretised into panels, and the radiation and diffraction
velocity potentials are taken to be constant over each panel. The continuous integral equations for radiation and
diffraction velocity potentials on the body boundary are then reduced to a set of linear simultaneous equations
for the velocity potentials over the panels. The unsteady hydrodynamic pressure on the body boundary is then
evaluated by substituting the velocity potentials into the linearised Bernoulli equation. The wave forces such as
added mass and radiation damping are subsequently calculated. See Lee [4] and Det Norske Veritas [1] for more
details.
Improved Linear Wave Frequency Response - Viscous effects
Viscous Damping Calculations
In the linear analysis in the frequency domain, large resonant heave motions of a classic spar are observed in
the sea states with large peak periods. Physically, the linear damping assumption is not a good approximation
when large response amplitudes occur as pointed out by Haslum and Faltinsen [3]. Moreover, it is evident in the
following calculations that viscous effects dominate the hydrodynamic damping and consequently the damping is
quadratic in the heave resonance of a spar platform. One of the primary focuses of this study is to examine the
effect of the viscous damping forces of the spar hulls on heave response. Non-linear viscous heave damping forces
of a classic spar and spars of alternative hull shapes are calculated by directly solving Navier-Stokes equation
based on the finite difference method.
Consider the problem of a surface-piercing vertical cylinder representing a spar hull experiencing forced (har-
monic) heave. Assuming that the tangential component is negligible the flow induced by the cylinder of radius R
oscillating along its axis can be idealised as axi-symmetric flow. For a real spar in the ocean, the fluid domain is
effectively unbounded relative to the scale of the spar hull. For computational purposes, the fluid domain must be
truncated. Figure 3 shows the fluid volume bounded by the free surface, cylinder body surface, truncated artificial
surface (far open boundary). The axisymmetric coordinate system shown in Figure 3 is fixed to the bottom open
boundary with positive axes pointing right and upwards. The basic equations for numerical calculations of the
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viscous damping are Navier-Stokes equations for unsteady incompressible viscous flows, which in cylindrical polar
coordinate system (r, y) read:
1
r
∂(ru)
∂r
+
∂v
∂y
= 0, (6)
∂u
∂t
+ (V · ∇)u = −∂p
∂r
+
1
R′e
(∇2u− u
r2
), (7)
∂v
∂t
+ (V · ∇)v = −∂p
∂y
+
1
R′e
(∇2v), (8)
where V = (u, v) is the velocity vector, (u, v) denote radial and axial components of velocity respectively, t time,
and p the dynamic pressure. In the above governing equations and all physical quantities are presented in a
non-dimensional form. R′e = (R
√
Rg)/ν in Equations (7) and (8) arises due to the fundamental variables used in
non-dimensionalization, i.e. density of fluid ̺, gravitational acceleration g, and radius of the cylinder R. ∇ and
∇2 are the gradient operator and Laplacian operator respectively.
In order to uncouple the velocity and pressure field in governing Equations (7) - (8) and then solve them
alternately, the Poisson equation for pressure is derived by taking the divergence of the momentum Equations (7)
and (8),
∇2p = −∂D˜
∂t
− [(∂u
∂r
)2 + (
∂v
∂y
)2 + 2
∂v
∂r
∂u
∂y
]− u
2
r2
(9)
where D˜ is divergence, for axisymmetric flow
D˜ ≡ ∇ ·V ≡ 1
r
∂(ru)
∂r
+
∂v
∂y
(10)
and Laplacian Operator in a cylindrical coordinate system is
▽2 = 1
r
∂
∂r
(r
∂
∂r
) +
∂2
∂y2
(11)
The no-flux and no-slip velocity boundary conditions are imposed along the oscillatory spar surface. On the
bottom open boundary, the velocity gradients in the vertical direction are assumed negligible. Non-linear free
surface are not included in the present numerical modelling due to the large draft of spar structures, instead
a free stream flow boundary condition is assumed. On the spar surface, where the velocity components are
specified, Neumann pressure boundary conditions are obtained by applying the normal momentum equation on
the wall boundaries. Approximate pressure conditions are employed at boundaries that are sufficiently far from
the oscillating cylinder, i.e., static pressure is assumed at far open boundaries.
The problem outlined above has fully non-linear field equations with boundary conditions. The theoretical
formulations are implemented by using finite difference method based on curvilinear coordinates. The primitive
variables of velocity and pressure are obtained by solving momentum equations and pressure Poisson equation
alternatively using an successive over-relaxation or under-relaxation iterative procedure. The numerical procedure
has been extensively validated against experimental data (see [7]).
The hydrodynamic forces are obtained by integrating the pressure along the oscillatory body surface. The
viscous drag force on the body is first represented by an expression similar to the formulae of Morison’s equation in
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which the drag is proportional to the square of the velocity. For sinusoidal motions the drag force can be linearised
in a Fourier averaged sense. The non-dimensional viscous damping ratio (Zvis) is then defined by relating the
equivalent linear damping coefficient (B) to the critical damping of the system:
Zvis =
B
2(m+ma)ω
, (12)
where m and ma represent the mass and added mass of the spar structure.
Iterative Post-Processing Procedure
Previous investigation by Tao et al. [7] revealed that the viscous heave damping force of a spar hull is dependent
on the amplitude of oscillation, i.e. the viscous damping and motion response of the spar are actually coupled.
Therefore the damping model could be improved by introducing a linearisation technique or the wave-body
interaction problem may be solved in the time domain where the nonlinear drag forces can be included without
modification as suggested by Haslum and Faltinsen [3]. In SESAM, the input of viscous damping as additional
external damping to radiation damping of the potential theory analysis must be defined as actual linear values.
An iterative procedure (Figure 4) in which the linear wave frequency response and the unsteady incompressible
viscous flow problem are solved alternatively is adopted here to obtain the final heave response with viscous effect.
RESULTS AND DISCUSSIONS
Solution of Potential Flow Problem
The heave natural period of a spar structure is dependent upon the mass and added mass of the structure since
the water plane area is the same for the different hull shapes considered in this study (Figure 1). Compared to
the classic spar of constant cross section area, the heave natural periods of the spars with four alternative hull
shapes are all found to increase due to the greater mass and the increase in the added mass. Figure 5 presents
the added mass coefficients obtained from potential theory (Cap) and viscous flow calculations (Cav ) for the spars
with different hull shapes. It is seen that the added mass coefficients from potential theory are approximately
independent of the amplitude of heave motion while those with viscous effects linearly increase with KC. However,
the values of Cap and Cav are quite close for each hull shape. Therefore, the added mass coefficients of potential
flow solution are used in the response calculations. Among the spars of five different hull shapes, alternative hull
shape HS1 possesses the highest added mass coefficient, indicating that HS1 is the most efficient geometry from
the point of view of increasing natural period by increasing heave added mass coefficient. This is consistent with
the finding of Tao [8], in which the added mass coefficient was found to increase as the thickness of attached disk
at the keel decreases. Haslum and Faltinsen [3] also revealed that increasing the draft to increase the natural
period in heave is not efficient and economical way of increasing the natural period further.
Figure 6 shows the heave responses for spars of different hull shapes calculated from potential theory. As can
be seen in the figure, without constraints from viscous damping and mooring effects, the very sharp and large
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magnitude RAO peaks i.e. heave resonance around natural periods for all hull shapes are observed due to very
low wave radiation damping. It is noted that the peak RAOs are truncated in Figure 6.
The purpose of the change in geometry is to shift the peak heave RAOs outside the range of the wave
frequencies in the ocean. In order to illustrate the response, the JONSWAP wave spectrum with parameters peak
frequency, Ω = 0.314159, Phillips’ constant, α1 = 1.0, the ratio of the maximum spectrum density to that of
the corresponding Pierson-Moskowitz spectrum, γ1 = 1.05 and finally the width of the peak, σ = 0.07, is also
plotted in Figure 6. As shown in Figure 6 all the hull shapes’ peak RAOs occurs at larger periods than the
normal cylindrical spar, where the spectrum contains much less energy than that at the natural period of the
classic spar hence the different hull shape configurations are effective in shifting the peak RAOs. Among the four
different configurations of spar hull shapes investigated, alternative hull shape 3 (HS3) possesses largest heave
natural period Tn ∼ 57.1 (sec), however the increase of the mass of the structure also indicates the increase of
the material and subsequently the increase of the construction cost.
It is noteworthy that the change of the geometry of the spar hull shapes to obtain larger added mass is
also subject to other restrictions such as the up-pointing surfaces in all alternative hull shapes should be placed
adequately deep to avoid them from penetrating the free surface in waves, since the heave restoring force is
subject to change and may cause Mathieu instability in heave if the non constant cross section penetrates the
water surface [3].
Heave Exciting Forces of Alternative Hull Shapes
The heave exciting force can be reduced by increasing the draft or by enhancing the counteracting force mechanism
of the alternative spar geometries. As mentioned previously, the effect on counteracting the heave force by
increasing the draft of the classic spar is limited as the determination of a spar draft is often subject to many
other considerations. Instead, we focus on the counteracting effect of the alternative hull shapes on the heave
exciting forces.
Figure 7 shows the heave excitation forces for spars with cylindrical and other alternative hull shapes. It is
seen that the heave exciting forces of alternative hull shapes are considerably reduced at long wave period due
to the counteracting effect. It is also seen that for low wave periods, the heave excitation forces for all four
alternative hull shapes are substantially larger than that of classic spar. This may result in larger heave response
in the offshore operational condition since the low wave period range with increasing wave exciting force of the
alternative hull shapes is closer to the peak of the wave spectrum. However, it is evident from Figure 7 that the
increase of excitation forces at low wave periods can be effectively reduced by reducing the thickness of the steps
of the alternative spar hull shapes. Moreover, since the linear transfer function is very limited for these low wave
periods, this increased force is expected to be of a small effect.
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Characteristics of Viscous Damping of cylindrical spar column and alternative hull
shapes
Viscous damping was calculated for prototype spars with the geometries shown in Table 1, and Reynolds number
is in the range of 3.9×106 ∼ 9.76×107 at the heave natural period of the spar T3n = 30.26. A very fine mesh used
in the viscous solver was tested and the numerical procedures were validated against experimental results [7, 9].
However, the inclusion of a turbulence model may increase the computational efficiency, but is not attempted in
this paper. Figure 8 shows the variation of the linearised viscous heave damping ratio (Zvis) in terms of Keulegan-
Carpenter number (KC = 2pia
D
= 0.1 ∼ 2.5, with a and D representing the heave amplitude and diameter of the
spar respectively) calculated based on the incompressible viscous flow solution presented earlier. For the purposes
of comparison, the wave radiation damping at heave natural period is also plotted in the figure. Several features
can be seen in Figure 8. The radiation damping ratios of alternative spar hulls are markedly lower than that of
the classic spar. This is attributed to the substantial increases in the structural mass and natural period of the
alternative hulls compared to the classic spar. While the radiation damping forces on all spar hulls are similar
due to the same water plane area. For all hulls at KC = 1.0, the viscous damping is much greater than radiation
damping around the heave natural period. Estimates of viscous damping give values about 1% of critical damping
for classic spar at KC about 1.0 and up to approximately 3% for the alternative hull shape 1 (HS1). Second, the
viscous damping is approximately linearly dependent on the amplitude of the oscillation in the range of KC from
0.5 to 2.5. However, at very low KC, where “springing” of a Tension Leg Platform may occur, Tao et al. (2000)
found that the viscous damping evidently becomes independent of KC, i.e. linearly depends on the velocity of
oscillation. When examining the first order heave resonance of spar structures, as shown in Figure 8, the linear
KC dependent viscous damping can be employed in the response analysis. Similar trend of the viscous damping
forces on the alternative hull shapes are also observed in Figure 8. Compared to the classic spar, all alternative
hull shapes possess higher slope and the alternative hull shape 1 (HS1) exhibits greatest slope among the different
geometry configurations.
It is common approach in the hydrodynamic analysis of viscous flow body interaction that the drag force
exerted on the oscillatory body can be decomposed into its friction due to viscous shear forces and form drag due
to flow separation and vortex shedding. It is seen in Figure 8 that the intercept which represents the friction drag
contribution of the viscous damping for HS3 is larger than all the other hull shapes since the largest wetted area
producing larger friction drag and it is expected to be the larger contribution to the viscous damping compared to
the form damping at very low KC. While the highest slope of alternative hull shape 1 indicates that the highest
form drag contribution to the viscous damping among the spar hull shapes investigated.
As a spar platform experiences heave motion, the single sharp edge at the keel of the classic spar of constant
cross section area will induce flow separation and generate vortex once per cycle. For alternative hull shapes HS1,
HS2 and HS3, the process of flow separation and vortex shedding occurs twice per cycle since the two edges, and
consequently produces more drag or more precisely form drag contribution to the damping forces. Investigations
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of Tao et al. [6] demonstrated that as the distances of the two edges of the hull shapes HS1, HS2 and HS3 are
sufficiently larger than the length scale of the vortex shedding, the drag coefficients (Cd) of HS1, HS2 and HS3
are approximately twice as that of classic spar. This indicates that the two edges of the alternative hull shapes
HS1, HS2 and HS3 can be treated as isolated edges.
Also shown in Figure 8 is that viscous damping ratio for HS4 is as high as HS2 and HS3 although HS4 has
only one edge. Since the strength of vortices generated by the sharp edge and consequently form drag on the
oscillating body are strongly influenced by the internal angle of the edge, as also demonstrated by Graham [2],
not only the number of edge but also the internal angle of the edge has strong impact on the viscous damping.
Effects of Viscous Damping on Heave Resonance
The heave responses for spars of different hull shapes incorporating viscous effects are shown in Figure 9. The
heave RAOs are calculated based on the linearised viscous damping for spar hull shapes without helical strakes
and the effects of mooring system are not included. From Figure 9 it is seen that the heave RAOs are in general
heavily reduced by the viscous damping, in particular the peak heave RAOs are suppressed by the viscous damping
for all spar hull shapes. Spectral response analysis of Haslum and Faltinsen [3] revealed that large resonant heave
motions occur at sea states with long peak periods which are greater than the period with the largest significant
wave height. Figure 9 shows that HS1 is the most effective hull shape in reducing the heave resonance with large
amplitudes among the five spar geometry investigated here due the higher form damping contribution. The effect
of the viscous damping in reducing the heave resonance is expected to be more remarked as the thickness of the
bottom part of the hull decreases due to the larger viscous damping generated.
In reality, the heave responses are further reduced by the damping forces from mooring system, so the heave
resonances are expected to be smaller than that shown in Figure 9. When the heave amplitude of a spar is small,
hydrodynamic damping from spar hull may be small compared to the other effects such as damping from mooring
system and risers. However, as a spar experiences large amplitude heave resonances which are often excessive
to mooring system and riser integrity, the hydrodynamic damping from spar hull and its appendages would be
crucial in suppression the heave oscillations.
It is noted that instead of solving the viscous flow of nonlinear free surface boundary conditions, the viscous
damping was calculated from forced oscillation in calm water, and used as input to the potential wave diffraction
theory to further calculate the spar responses. However, due to the wave and vortex interaction, the viscous
damping in regular and irregular waves can be different from that in calm water [5, 10]. In the present study,
since the large draft of spar structure, the majority of the viscous damping contribution is due to the vortex
shedding around the bottom edge, and the interaction of vortex shedding process and wave action on the free
surface is limited. In case of spar hull shape HS3, the complete Navier-Stokes solver with nonliear free surface
boundary conditions may be necessary due to the short distance between upper edge and the free surface. The
nonlinear free surface aspects of flow-structure interaction are part of ongoing research.
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CONCLUSIONS
The following conclusions can be drawn from the present study:
(1) Calculations revealed that the linear KC dependent viscous damping can be employed in the first order
heave response analysis of spar structure;
(2) For the same water plane area of the spar hulls, the heave natural periods can be most effectively increased
by HS1 among the four alternative hull shapes due to the increase in added mass without large increase in the
structural mass.
(3) Proposed four alternative hull shapes are all found to have improved heave motion characteristics mainly
due to the enhancement of the viscous damping mechanism. For the aspect of reducing the heave resonance,
hydrodynamic response analysis including viscous effects of spars with different hull shapes concluded that a spar
would most benefit from the geometry configuration of a cylindrical spar hull with a thin disk attaching to the
keel.
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Figure 8: Wave radiation damping and viscous damping of the spar hulls (Z ∼ KC).
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Figure 9: Heave responses of spars with viscous effect (RAO33 ∼ T ).
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